The interannual variability of wintertime snow depth over the Tibetan Plateau (TP) and related atmospheric circulation anomalies were investigated based on observed snow depth measurements and NCEP/NCAR reanalysis data. Empirical orthogonal function (EOF) analysis was applied to identify the spatio-temporal variability of wintertime TP snow depth. Snow depth anomalies were dominated by a monopole pattern over the TP and a dipole structure with opposite anomalies over the southeastern and northwestern TP. The atmospheric circulation conditions responsible for the interannual variability of TP snow depth were examined via regression analyses against the principal component of the most dominant EOF mode. In the upper troposphere, negative zonal wind anomalies over the TP with extensively positive anomalies to the south indicated that the southwestward shift of the westerly jet may favor the development of surface cyclones over the TP. An anomalous cyclone centered over the southeastern TP was associated with the anomalous westerly jet, which is conducive to heavier snowfall and results in positive snow depth anomalies. An anomalous cyclone was observed at 500 hPa over the TP, with an anomalous anticyclone immediately to the north, suggesting that the TP is frequently affected by surface cyclones. Regression analyses revealed that significant negative thickness anomalies exist around the TP from March to May, with a meridional dipole anomaly in March. The persistent negative anomalies due to more winter TP snow are not conducive to earlier reversal of the meridional temperature gradient, leading to a possible delay in the onset of the Asian summer monsoon. Keywords: Tibetan Plateau, snow depth, interannual variability, atmospheric circulation anomalies Citation: Mao, J.-Y., 2010: Interannual variability of snow depth over the Tibetan Plateau and its associated atmospheric circulation anomalies, Atmos. Oceanic Sci. Lett., 3,[213][214][215][216][217][218] 
Introduction
Snow cover over the northern hemisphere during the winter and early spring has received considerable attention due to its important role in climatic fluctuation. Since Blanford (1884) first found an association between Himalayan winter snow accumulation and subsequent Indian summer monsoon rainfall, many studies have investigated Corresponding author: MAO Jiang- Yu, mjy@lasg.iap.ac.cn the impacts of snow cover on the Asian summer monsoon. Based on data for the period of 1876 −1908 , Walker (1910 confirmed the inverse relationship between Himalayan winter-spring snow and Indian summer monsoon, such a result further supported by Dey and Bhanu Kumar (1983) and Kripalani et al. (2003) . Hahn and Shukla (1976) extended the extent of snow cover to Eurasia and found a statistically significant negative correlation between Eurasian winter snow cover south of 52°N and rainfall during the following Indian summer monsoon, and such a finding was confirmed by several observational studies (Yang and Lau, 1996; Singh and Oh, 2005) . Yasunari et al. (1991) demonstrated that albedo and hydrological effects of snow cover are responsible for anomalous seasonal heating of the atmosphere; thus, heavy snowfall during the winter leads to a weak summer monsoon circulation. The subsequent snowmelt may also result in changes in the surface energy balance and landsurface hydrologic cycle (Yang and Lau, 1996) . The possible relationship between snow mass over the Tibetan Plateau (TP) and East Asian summer monsoon rainfall has been noted by Chinese meteorologists (Chen and Yan, 1979) . Based on data from 1957 to 1974, Chen and Yan (1979) reported an in-phase relationship between winter snow anomalies in the central TP and subsequent May and June rainfall over southern China. Wu and Qian (2003) suggested a positive correlation between TP winter snow and subsequent summer precipitation over the middle and lower Yangtze Basin but a negative correlation over southern and northern China. Considering the different geographical distribution of TP snow anomalies, such relationships between TP winter snow anomalies and subsequent summer rainfall over different parts of Asia were reexamined (Wu and Qian, 2003) .
Most previous studies have emphasized the role that snow cover plays in monsoon rainfall during the following summer. Fewer studies have focused directly on the atmospheric circulation changes that produce such an anomalous snow cover over Eurasia and/or the TP. Therefore, the objective of this study was to examine the interannual variability of TP snow depth and its related atmospheric circulation anomalies. The data and method used in this study are briefly described in section 2. Climatological characteristics of winter snow depth over the TP and related atmospheric circulation are presented in section 3. The interannual variability of wintertime TP snow depth and its associated atmospheric circulation anomalies are analyzed in sections 4 and 5, respectively. The impacts of anomalous winter snow over the TP on subsequent Asian summer monsoon onset are examined in section 6. A summary and discussion are given in section 7.
Data and methodology
The monthly ground-observed snow depth was derived from daily snow depth observations for 60 stations over the TP from 1960 to 1998. This dataset possesses a relatively good temporal continuity of snow depth observations and has been used to study Asian monsoons (Wu and Qian, 2003) . It should be noted that these observational stations are mostly situated over the central and eastern TP. Singh and Oh (2005) suggested that snow depth is a more representative parameter than snow cover to assess the effect of snow because the former is a better measure of the total precipitation that ultimately results in soil memory. As suggested by Li (1993) , the TP snow cover begins to build up in mid-September and develops very quickly after mid-October or early November. Generally, its ablation period starts in late February. Therefore, we constructed the wintertime accumulated snow depth (ASD) by summing the monthly snow depth from November to February of each winter. In this study, the winter season was defined as the period from November to February, unlike the winter season defined in Wu and Qian (2003) , which included the month of March. Because the observational stations were not fully established prior to 1962, ASD data from 1962/63 to 1997/98 were used in the present study. Monthly geopotential height, streamfunction, and winds for the same period were extracted from the National Centers for Environmental Prediction/National Center for Atmospheric Research (NCEP/NCAR) reanalysis products (Kalnay et al., 1996) , with a horizontal resolution of 2.5° latitude × 2.5° longitude.
Empirical orthogonal function (EOF) analysis was applied to identify the dominant modes of wintertime TP ASD variability. Because the corresponding principal component (PC) represents the interannual variability of a dominant EOF mode, it was used as a reference time series to reconstruct the associated atmospheric circulation anomalies via regression analyses (Zhou and Yu, 2005) .
Tibetan Plateau snow and large-scale atmospheric circulation during the winter
The major components of the Asian winter monsoon system include the lower tropospheric Siberia high, the 500-hPa East Asian trough, and the upper tropospheric westerly jet stream along 30°N, which largely determine the Asian atmospheric circulation pattern in the troposphere (Ye and Gao, 1979) . The climatology of the November−February (NDJF) ASD over the TP for the period of 1962/63−1997/98 (Fig. 1a) showed that ASD exceeding 20 cm per month appeared over the central area of the entire observational domain, with two maxima greater than 40 cm per month. Geographically, this area is ap- proximately oriented in a northeast-southwest direction, with larger values covering the Nyainqentanglha, Tanggula, and Bayan Har Mountains (Wu and Qian, 2003) . On the southern slope of the Himalayas, larger ASD values may also exist. Unfortunately, few observational stations have been established there, but one station exhibited a large value of 60 cm per month. The 200-hPa wind data (Fig. 1b) showed that during the wintertime, an anticyclone centered over the western Pacific was present south of 20°N, with its ridgeline located at 10−15°N. A strong westerly jet stream in excess of 40 m s −1 was observed north of this anticyclone, in a band extending from Egypt throughout southern TP into East Asia. Two wind speed maxima were located over Saudi Arabia-Egypt (>45 m s
) and over the ocean immediately south of Japan (>65 m s
−1
). The TP was situated between these two maxima, in association with the entrance and exit of the westerly jets. Rossby (1947) and Namias and Clapp (1949) pointed out the existence of a direct cross-jet vertical circulation in the jet entrance, with warmer air ascending south of the jet and colder air descending to its north, converting available potential energy (APE) into kinetic energy. In the exit region, the reverse cross-jet vertical circulation facilitated the increase of APE and cyclogenesis in the lower troposphere (University of Chicago, 1947) . These dynamic processes modulated the activities of the surface cyclone and anticyclone. Surface cyclones frequently occurred north of the jet exit and south of the jet entrance due to the upper tropospheric divergence that resulted from positive vorticity advection. In the case of the TP, the surface cyclones usually developed over the western part, moved downstream, and tended to disappear to the east of the TP due to direct cross-jet vertical circulation. Consistent with the pattern of the upper tropospheric jet, the 500-hPa circulation was characterized by significant confluence along the coast of East Asia (Fig. 1c) , with westerlies prevailing over the southern TP and northwesterlies prevailing over the northeastern TP.
Interannual variations in the Tibetan Plateau snow depth
The first two dominant EOF modes of ASD anomalies accounted for 14.7% and 10.4%, respectively, of the interannual variance, which is consistent with results from Wu and Qian (2003) . These two modes were well separated from each other based on the rule of North et al. (1982) . The first mode (EOF1) was characterized by a monopole pattern with positive loadings over almost the entire TP (Fig. 2a) , indicating spatial coherence in snow anomalies over the TP. The interannual variations of such an anomalous snow distribution were reflected by the corresponding principal component (PC1). An anomalous year of more (or less) snow could be classified if the standardized PC1 anomaly was greater (or less) than at least one standard deviation above (or below) zero. Thus, years with more snow include 1972/73, 1975/75, 1977/78, 1981/82, 1982/83, 1992/93, and 1994/95 , while those with less snow include 1964/65, 1966/67, and 1968/69 (Fig. 2b) . A dipole anomaly pattern should be noted in the second mode (Fig. 2c) , with opposite snow depth anomalies over the southeastern and northwestern TP. Such an anomalous pattern occurred in several typical years, including 1963/64 and 1988/89 (Fig. 2d) . The third mode was not well separated from the fourth, so the first two modes were mainly taken into account, as discussed below.
Atmospheric circulation anomalies responsible for anomalous Tibetan Plateau snow depth
As stated in section 3, snow occurrence over the TP is closely related to the atmospheric circulation pattern. To reveal the circulation anomalies associated with larger interannual variations of TP snow depth, anomalous meteorological variables, such as 200-hPa zonal wind (U200) and 500-hPa winds, were reconstructed with linear regression for one standard deviation of the PC1 time series. Negative anomalies were found over the TP from the regressed U200 field, with extensively positive anomalies to its south (Fig. 3a) , indicating that the axis of the 200-hPa westerly jet stream extended southwestward compared to its normal position (Fig. 1) . The southwestward shift of the upper tropospheric westerly jet may have favored the development of surface cyclones over the TP. In addition, similar anomalies existed over northern Africa and the Mediterranean, implying a possible teleconnection of TP snow with upstream westerly jet anomalies. Because the wind field was much better observed than geo-potential height over the tropics, the regressed streamfunction showed that an anomalous cyclone that was centered over the southeastern TP was particularly striking (Fig. 3b) , covering a broad region from the entire TP to the western North Pacific, corresponding to the aforementioned anomalous westerly jet. Such an anomalous cyclone may be favorable for heavier snowfall, leading to an increase in snow depth. Associated with the anomalous westerly jet over northern Africa, significantly anomalous cyclonic circulation was observed from the Atlantic Ocean to eastern Africa, suggesting a global teleconnection. This structure represents a connection with the North Atlantic Oscillation (NAO), as demonstrated by Yu and Zhou (2004) and Xin et al. (2010) . They found that the NAO index in the winter (January−March) was positively correlated with TP snow depth. During periods of positive NAO, the Asian subtropical westerly jet intensified, and the Indian-Myanmar trough deepened, enhancing ascending motion over the TP and favoring heavier snowfall. These findings imply that the local circulation anomaly leading to anomalous TP snow is remotely influenced by the NAO. Associated with upper tropospheric circulation anomalies, an anomalous 500-hPa cyclone encompassed the TP (not shown), indicating that the TP is frequently affected by surface cyclones. This anomalous cyclone appeared to be coupled to an anomalous anticyclone immediately to the north, forming a north-south dipole circulation anomaly. A similar dipole anomaly was found in the upstream section, with a cyclone over northern Africa and an anticyclone over western Europe. As a consequence, a meridional trough existed between these two anticyclones along the Ural Mountains, indicating that there were more low-pressure systems migrating from middle and high latitudes toward the TP.
The circulation anomalies associated with the anomalous snow depth pattern EOF2 were also examined, but statistically significant anomalies did not exhibit a spatially coherent pattern (not shown).
The impact of winter snow depth anomalies over the Tibetan Plateau on the onset of the subsequent Asian summer monsoon
As suggested by Flohn (1957) , Li and Yanai (1996) found that the reversal of the meridional temperature gradient (MTG), indicated by the difference in the upper tropospheric (200−500 hPa) temperature between 30°N and 5°N, first occurs on the south side of the TP, and they suggested that the onset of the Asian summer monsoon is concurrent with MTG reversal in the upper troposphere. Mao et al. (2004) and Mao and Wu (2007) used the area-averaged upper tropospheric (200−500 hPa) MTG as an index to define the Asian summer monsoon onset date. Figure 4 shows the linear regression patterns of the upper tropospheric (200−500 hPa) thickness from March to May against the PC1 of EOF1 for the winter snow depth. A significant meridional dipole thickness anomaly was found in March (Fig. 4a) , which formed an enhanced meridional gradient of anomalous thickness that was characterized by negative anomalies over the Asian continent north of 25°N and positive anomalies over the northern Indian Ocean, leading to an increase in land-sea thermal contrast. The significant negative anomaly also appeared respectively in April and May (Figs. 4b and 4c) , indicating that the thickness or temperature anomaly in the mid-upper troposphere, induced by anomalous winter snow depth, could persist until at least May, affecting MTG reversal in early summer. Compared to March, the negative anomaly center moved eastward in April but migrated northward in May. Such persistent negative anomalies around the TP imply that more winter snow results in a decrease in the local air column temperature in subsequent months. Xin et al. (2010) also found that snow depths in January, February, and March were negatively correlated with the tropospheric temperature over East Asia in the subsequent months of April and May. Thus, more winter TP snow is not conducive to earlier MTG reversal, and in this situation, the onset of the Asian summer monsoon may be delayed.
Conclusions and discussions
Because the winter snow cover over the TP has a potential influence on the local and surrounding weather and climate, this study mainly examined the interannual variability of wintertime TP snow depth and related atmospheric circulation anomalies based on NCEP/NCAR reanalysis data and observational snow depth data. Climatological characteristics of wintertime TP snow depth were associated with the upper tropospheric jet stream. The spatio-temporal variability of wintertime TP snow depth was dominated by two modes. The first mode exhibited a spatially coherent anomaly over the TP. The second mode showed a northwest-southeast-oriented dipole anomaly, with opposite snow depth anomalies over the southeastern and northwestern TP.
The anomalous atmospheric circulations that were responsible for larger interannual variations of the first mode of TP snow depth were examined based on regres-sion analyses against the PC1 time series. Negative zonal wind anomalies were observed over the TP at 200 hPa, with extensively positive anomalies to the south, indicating that the southwestward shift of the upper tropospheric westerly jet may favor the development of surface cyclones over the TP. Associated with this anomalous westerly jet was an anomalous cyclone centered over the southeastern TP, which favored heavier snowfall and positive anomalies in snow depth. The anomalous circulation signal around the TP seemed to teleconnect with those over the Atlantic Ocean, eastern Africa, and the polar region. The anomalous 500-hPa winds were characterized by an anomalous cyclone over the TP and an anomalous anticyclone immediately to the north, suggesting that the TP is frequently affected by surface cyclones.
The regression patterns of the upper tropospheric (200−500 hPa) thickness against PC1 demonstrate that a significant negative thickness anomaly exists around the TP from March until May, with a meridional dipole anomaly in March. Such persistent negative anomalies imply that more winter TP snow is not conducive to earlier MTG reversal, and in these situations, the onset of the Asian summer monsoon may be delayed.
It should be noted that snow depth observational stations were unavailable for the western TP; therefore, the anomalous snow cover distributions over the entire TP may be somewhat different from those identified here. However, the present results could provide fundamental evidence supporting further investigation of other physical processes, such as how and to what extent winter TP snow influences the local and surrounding weather and climate. Possible impacts of TP snow cover should be validated using numerical modeling.
